Cryptococcosis is a significant infection with a high mortality in solid-organ transplant recipients. Nonetheless, the pathogenesis of this disease is poorly understood. It has been hypothesized that cryptococcosis may result from either primary infection or reactivation of a latent infection. Sera were obtained from transplant recipients prior to transplantation and at the time they developed cryptococcosis. Control sera were obtained before and after transplant from patients who did not develop cryptococcosis. Sera were tested for antibodies against Cryptococcus neoformans by using an immunoblot assay. Antibody responses were also compared with those observed in sera from rats with experimental pulmonary cryptococcosis. In all, 52% of the transplant recipients who developed cryptococcosis exhibited serologic evidence of cryptococcal infection before transplantation. These patients developed cryptococcosis significantly earlier after transplant than patients without preexisting reactivity did (5.6 ؎ 3.4 months compared to 40.6 ؎ 63.8 months, respectively [P ‫؍‬ 0.0011]). The results from our study suggest that a substantial proportion of transplant-associated cryptococcosis cases result from the reactivation of a latent infection. These findings also highlight the potential utility of serologic studies in identifying patients at risk for the development of cryptococcosis after transplantation.
Cryptococcosis is a significant opportunistic infection in solid-organ transplant recipients, with a reported incidence of 1 to 5% and mortality of 20 to 40% (8, 9) . Cryptococcus neoformans infection is acquired via inhalation of aerosolized particles from the environment. Nonetheless, the pathogenesis of the disease is poorly understood. C. neoformans is hypothesized to cause in immunocompetent individuals a subclinical pulmonary infection which can evolve to a quiescent latent state with the potential for later reactivation in the context of acquired immunosuppression. Alternatively, it has been suggested that symptomatic disease results from a primary progressive process. Evidence for both mechanisms exists (3, 7, 10) .
In previous studies, we developed an immunoblot assay to study subclinical cryptococcosis in immunocompetent individuals (1, 4) . Using this approach, we documented that subclinical cryptococcosis was common among children living in the Bronx, NY (4), but not among children living in a northern suburb of New York (2) . In the present study, we used serology to study the pathogenesis of cryptococcosis in solid-organ transplant recipients. Results from our studies provide evidence for reactivation of cryptococcosis in a significant proportion of affected transplant recipients. Our findings also highlight the potential for serology to identify transplant recipients at risk for reactivation-type cryptococcosis.
MATERIALS AND METHODS
Strains and growth conditions. C. neoformans strain 24067 (serotype D) and Candida albicans (BSMY 212) were obtained from the American Type Culture Collection. Fungi were grown in Sabouraud dextrose broth for 2 days at 30°C prior to protein isolation.
Fungal protein extracts. Whole-cell and cytosolic protein extracts of C. neoformans were used in these studies. Cells were centrifuged at 4,000 ϫ g for 20 min at 4°C, and the pellet was washed twice with phosphate-buffered saline (PBS). The pellet was resuspended in PBS containing a protease inhibitor cocktail buffer (Roche, Mannheim, Germany) and 0.5-mm zirconia-silica beads (Sigma). Cells were disrupted using a mini bead beater. The resulting suspension was centrifuged at 4,000 ϫ g for 15 min at 4°C to obtain whole-cell 32 extracts and at 100,000 ϫ g for 1 h at 4°C to obtain cytosolic extracts. The membrane fractions were washed and centrifuged at 100,000 ϫ g for 30 min at 4°C. The resulting supernatant was pooled with the previous supernatant as part of the cytosolic fraction. Protein extracts were stored at Ϫ80°C prior to use. The same approach was used to obtain cytosolic C. albicans protein antigens.
Rat studies. Rats (three to five per group) were infected intratracheally with 1 ϫ 10 7 C. neoformans (ATCC 24067) organisms as described previously (1) . At different times, rats were sacrificed and sera were obtained. To establish a model of resolved cryptococcal infection, another group of rats were intratracheally infected with 1 ϫ 10 4 of the unencapsulated strain Cap 67. Sera were collected at 3 months. No lung fungal burden was detected in rats with resolved infection (limit of detection, 50 organisms per lung).
Study population. Subjects included in the study were identified from a larger cohort of organ transplant recipients with cryptococcosis in a prospective study (12) . Cryptococcosis was defined as having cultures positive for C. neoformans in a clinical specimen, including blood cultures, or positive cryptococcal antigen in the blood or cerebrospinal fluid in a patient with compatible clinical presentation (12) . Sera obtained before and after solid-organ transplantation from patients who developed cryptococcosis and those who did not develop cryptococcosis were studied. For patients with cryptococcosis, the posttransplant sera were collected at the time of diagnosis of cryptococcal disease. Pre-and posttransplant sera from patients who did not develop cryptococcosis at the same follow-up as the patients with cryptococcosis cases were also studied. All serum samples were stored at Ϫ80°C prior to use. Upon thawing, the samples were heat inactivated at 56°C for 30 min and then stored at 4°C.
Definitions. Sera were divided into four groups as follows: (i) sera obtained before transplant from patients who did not develop cryptococcosis (over 10 years) (Pre/Ϫ) (n ϭ 11), (ii) sera obtained before transplant from patients who developed cryptococcosis after transplant (Pre/ϩ) (n ϭ 21), (iii) sera obtained after transplant from patients who did not have cryptococcosis (Post/Ϫ) (n ϭ 10), and (iv) sera obtained after transplant from patients with active cryptococcosis (Post/ϩ) (n ϭ 21).
Patients. A total of 63 sera from 48 transplant recipients were studied. The patients were recipients of a lung, liver, kidney, or heart transplant. Sera were available from 21 transplant recipients with cryptococcosis; this group of recipients included 15 patients from whom paired (i.e., pre-and posttransplant) sera were available. The clinical characteristics of study patients are shown in Table 1 .
Immunoblotting. Electrophoresis was done in the Bio-Rad Mini-Protean II system with a 10% resolving gel at 100 V. Gels were transferred to nitrocellulose membranes, which were then blocked overnight in a buffer containing 5% milk in PBS with 0.1% Tween 20. Individual channels on a blotting frame were incubated with diluted rat (1:200) or human (1:1,600) sera for 1 h at room temperature or overnight at 4°C. Channels were washed three times with blocking buffer and then incubated with a horseradish peroxidase-conjugated goat antibody to human immunoglobulin G or rat immunoglobulin G. Blots were developed with luminol.
Interpretation of data. Reactivity to cytoplasmic proteins was analyzed with respect to overall reactivity (i.e., to all proteins) or to a set of nine designated proteins most commonly recognized by the sera of infected patients. Reactivity to these nine designated bands was further characterized as extensive (Ն6), moderate (3 to 5) and minimal (0 to 2) (4). Investigator scoring was blinded with respect to cohort.
Statistical analysis. The median numbers of reactive bands among various groups were compared with the Mann-Whitney test or, if the comparisons were done between multiple groups, the Kruskal-Wallis test. The proportions of sera demonstrating reactivity were compared by a chi-square test. Comparisons of clinical characteristics based on serologic findings were done with either MannWhitney or chi-square tests. Statistics were calculated using GraphPad InStat software (San Diego, CA). A P value of Ͻ0.05 was considered significant.
RESULTS

Rat studies.
We have previously demonstrated that rats infected with C. neoformans develop a chronic asymptomatic pulmonary infection that persists for years (5) . We also found that sera from infected rats exhibit extensive reactivity against whole-cell cryptococcal proteins (1) . In the present studies, we observed that sera from infected rats also reacted with cytoplasmic extracts. Blots utilizing cytoplasmic extracts produced less smearing and were more easily interpreted than those with whole-cell extracts (Fig. 1 ). An increase in reactivity against cytoplasmic proteins over the course of pulmonary infection was observed, with maximal reactivity observed at 1.5 months. This increase in reactivity correlated with a decline in lung fungal burden (not shown). Several cytoplasmic proteins were consistently recognized by rat sera regardless of the stage of infection. This set included five proteins (approximate molecular masses of 82, 75, 71, 56, and 40 kDa), which were present in 65% of the infected rat sera. Dexamethasone treatment decreased the intensity of reactivity against cytoplasmic proteins. Sera from noninfected rats demonstrated no reactivity to cytoplasmic proteins. Rats infected with Cap 67 were able to resolve the infection, and their sera demonstrated between minimal reactivity and no reactivity (0 to 4 bands) against cytoplasmic proteins.
Transplant studies.(i) Reactivity to cryptococcal cytoplasmic proteins. Reactivity against total cytoplasmic proteins was found in all groups. The median numbers of total proteins recognized by Pre/Ϫ, Pre/ϩ, Post/Ϫ, and Post/ϩ sera were 16, 12, 10, and 8, respectively (P ϭ 0.1). There was no difference between reactivity in pretransplant and posttransplant sera (P ϭ 0.14) (Fig. 2A) . Nine proteins (approximate molecular masses of 133, 122, 106, 97, 82, 75, 71, 56, and 40 kDa) were commonly recognized by Post/ϩ sera. Approximately 57% of Post/ϩ sera reacted with most (Ն6) of the 9 designated proteins, while 24% reacted with all 9 proteins. Five of these proteins (82, 75, 71, 56, and 40 kDa) were also recognized by the majority (65%) of sera from infected rats. In contrast, sera from other groups demonstrated less reactivity against the nine designated proteins. The median numbers of designated proteins recognized by Pre/Ϫ, Pre/ϩ Post/Ϫ, and Post/ϩ sera were 2, 3, 1, and 7, respectively (P Ͻ 0.0001) (Fig. 2B) .
(ii) Paired sera. The majority (13/15) of paired sera exhibited an increase in reactivity against the nine designated proteins in association with (Fig. 3) cryptococcosis.
(iii) Pretransplant sera. There was no difference in the median number of designated proteins recognized by Pre/Ϫ and Pre/ϩ sera. However, a greater proportion of Pre/ϩ sera demonstrated moderate reactivity (3 to 6 bands) to the 9 designated proteins compared to sera in the Pre/Ϫ group (P ϭ 0.02) (Fig. 4) . No sera from any of the pretransplant groups (i.e., Pre/Ϫ or Pre/ϩ) recognized more than six proteins. Among Pre/ϩ patients, 11 had moderate reactivity to the nine cytoplasmic proteins, while 10 patients had little to no reactivity. The sensitivity and specificity of moderate reactivity to predict cryptococcosis in Pre patients were 52% (95% CI 30 to 74) and 91% (95% CI 59 to 100). The positive predictive value was 92% (95%CI 62 to 100). The likelihood ratio for a positive result was 5.8. For Pre/ϩ patients with moderate reactivity, the average time to diagnosis of cryptococcosis after transplant was 5.6 Ϯ 3.4 months, compared to 40.6 Ϯ 63.8 months for Pre/ϩ patients with little to no reactivity (P ϭ 0.0011). No differences were detected between these groups with respect to the following features: patient age, proportion of central nervous system disease, organ rejection, and serum and cerebrospinal fluid antigen levels.
(iv) Reactivity to candidal antigens. No correlation between reactivity to cytoplasmic proteins of C. neoformans and reactivity to those of C. albicans was observed. Some sera with extensive reactivity to C. neoformans exhibited minimal reactivity to C. albicans (not shown). In addition, reactivity to cytoplasmic proteins of C. albicans did not increase in association with cryptococcal infection (not shown).
DISCUSSION
In previous studies, we demonstrated the utility of an immunoblot assay based on whole-cell extracts to define the incidence of subclinical cryptococcosis in children from the Bronx. Rat studies described here indicate the utility of the immunoblot assay in the study of cryptococcal infection and the potential advantages of using cytoplasmic proteins as opposed to whole-cell protein extracts. These studies also support the specificity of our findings from patients and provide a framework for their interpretation. For rats, the extent of reactivity to cytoplasmic proteins was related to the timing of infection. Reactivity was greatest at 1.5 months of infection, though persistent reactivity was present with ongoing infection at 10 months. Dexamethasone-induced immunosuppression resulted in a decrease in reactivity and resolved infection, induced by inoculation of an acapsular strain of C. neoformans,
FIG. 2. (A)
Median numbers of total cytoplasmic proteins recognized by sera from Pre/Ϫ (n ϭ 11), Pre/ϩ (n ϭ 21), Post/ϩ (n ϭ 21), and Post/Ϫ (n ϭ 10) patients (P value was not significant). Panel B shows median numbers of designated cytoplasmic proteins recognized by sera from the same patients. (the asterisk indicates a P value of Ͻ0.01 for Post/ϩ sera compared to Post/Ϫ sera and for Post/ϩ sera versus Pre/Ϫ sera). Bars represent one standard deviation each. which produced minimal reactivity against cytoplasmic proteins.
The reactivity profile of transplant recipients with cryptococcosis was considerably more complex than that of experimentally infected rats. We hypothesize that this complexity reflects individual differences in the timing and extent of exposure to cryptococcal antigens as well as differences in the genetic makeup and immunosuppression of our patients. It is also possible that exposure to other fungi contributes to some of the observed reactivity to C. neoformans proteins. This may explain the reactivity to total cytoplasmic proteins observed in the Pre/Ϫ group. A decrease in reactivity to the total cytoplasmic proteins among the posttransplant groups likely reflects the immunosuppression of these groups.
Nonetheless, there was a commonality in reactivity to certain bands in sera of affected patients. Sera from Post/ϩ patients most commonly recognized nine proteins (approximate masses of 133, 122, 106, 97, 82, 75, 71, 56, and 40 kDa). The specificity of this profile to indicate cryptococcal infection is suggested by several findings. Reactivity against five of these proteins (82, 75, 71, 56, and 40 kDa) was also observed for infected rats. Reactivity against proteins of similar sizes has been reported by other investigators. Vecchiarelli et al. reported in their study that sera from the majority of the human immunodeficiency virus-positive individuals with cryptococcosis reacted with 106-and 82-kDa protein antigens (11). Hamilton et al. found reactivity to cryptococcal cytoplasmic proteins among sera from human immunodeficiency virus-infected patients with cryptococcosis (6) . Several of these proteins were of the same approximate molecular masses as those observed in our study.
Among patients from whom sera were collected pretransplant, the proportion of those who developed cryptococcosis (Pre/ϩ) exhibited seroreactivity to the designated cytoplasmic proteins was higher than that of the patients who did not develop cryptococcosis. Not all Pre/ϩ sera exhibited significant seroreactivity. We hypothesize that Pre/ϩ patients with moderate seroreactivity represent patients with reactivation-type cryptococcosis. Patients with preexisting reactivity against C. neoformans developed cryptococcosis earlier after transplant than patients without preexisting reactivity. These findings are consistent with a preexisting infection that reactivates in the setting of immunosuppression. In contrast, the relatively late presentation of cryptococcal disease among patients without preexisting reactivity could reflect the time needed to be exposed and acquire infection. The potential for C. neoformans to persist and cause reactivation-type disease is supported by several lines of evidence, including molecular typing (3), human pathology (7) , and animal studies (5) . An alternative explanation for this preexisting reactivity is the possibility of reinfection with C. neoformans. We note that rats that were infected with an avirulent strain of C. neoformans and allowed to resolve their infection did not demonstrate extensive reactivity to C. neoformans proteins. Nonetheless, the possibility of reinfection is difficult to exclude, though based on the timing of disease, we feel that reactivation is the most likely scenario.
Based on our findings, we suggest that an immunoblot assay may be useful in identifying transplant recipients at risk for cryptococcosis. This approach would be limited to identifying cases caused by reactivation. Identified patients could be potentially targeted to receive antifungal prophylaxis to prevent symptomatic disease. The utility of serology in this approach may be affected by a large number of factors, including the underlying prevalence of subclinical infection in the population.
In summary, our findings suggest that approximately 52% of adult transplant recipients with cryptococcosis have had prior exposure to cryptococcal infection. These findings are consistent with the hypothesis that reactivation of latent infection may contribute significantly to the development of cryptococcosis in transplant recipients. Furthermore, these findings highlight the potential utility of serology in identifying transplant recipients at risk for cryptococcosis. We note that utility of this assay in predicting transplant recipients at risk for the development of cryptococcosis may be affected by several variables, including the prevalence of subclinical cryptococcal infection in the population and the type of immunosuppression FIG. 4 . Proportions of sera demonstrating reactivity to designated cytoplasmic proteins among the various cohorts. White fills represent minimal reactivity (0 to 2 bands), black fills represent moderate reactivity (3 to 5 bands), and gray fills represent extensive reactivity (Ն6 bands).
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